Introduction
Femtosecond passively mode−locked fibre lasers have already found widespread applications in many areas, like high−resolution spectroscopy [1] , frequency metrology [2] or biomedical research [3] . In order to obtain mode synchro− nization in fibre lasers, three main techniques have been developed. These methods are based on: semiconductor sat− urable absorber mirrors (SESAM) [4, 5] , nonlinear polariza− tion rotation (NPR) [6] [7] [8] [9] and carbon nanotubes' (CNT) sat− urable absorbers [10] [11] [12] . The first technique is well−estab− lished and widely used in commercially available lasers. Self−started mode−locking operation with ultrashort pulse durations in Er−doped fibre lasers [13, 14] , as well as in diode−pumped solid−state lasers [15] [16] [17] were demonstra− ted. However, SESAMs suffer because of a narrow tuning range and a complex and expensive fabrication process. The NPR technique has also shown a great potential and capabil− ity to generate 50−fs short pulses in Er−doped fibre lasers [18] , but the mode−locked operation is not self−starting and tends to be environmentally unstable. Carbon nanotubes have been considered as a simple and cost−effective alterna− tive to SESAMs and NPR. They enable to achieve various mode−locking regimes (soliton, stretched−pulse and dissi− pative soliton) and provide a stable self−starting operation at particularly interesting wavelengths (1064 nm and 1550 nm). Nevertheless, the operating bandwidth is deter− mined by the diameter of the nanotubes (e.g., 1.2−nm CNTs are suitable for Er−doped lasers at 1550 nm [19, 20] ). Thus, the saturable absorbers need to be fabricated and optimized for a specific laser.
In 2009 Bao et al. presented the first graphene−based pas− sively mode−locked fibre laser [21] . Since then, various set− ups have been presented utilizing erbium− [22] [23] [24] [25] and ytter− bium−doped fibres [26, 27] . Based on those reports, graphene seems to be an ideal SA for various types of lasers, not only for mode−locking, but also Q−switching or so−called Q−switched mode−locking regime [28, 29] . Due to its energy band structure (described extensively in Ref. 21 ) with Pauli blocking and ultrafast recovery time, graphene possesses unique optical properties and opens new possibilities of de− veloping ultrafast mode−locked fibre lasers. It provides a broadband operation (covering the whole Yb and Er bands), a very low saturable absorption threshold level (one order of magnitude lower than CNTs) and a high modulation depth (which may be controlled by the number of graphene layers in the saturable absorber). In the previous reports on mechan− ically exfoliated graphene, highly ordered pyrolitic graphite (HOPG) was used as a base material [30, 31] .
In our work we present an Er−doped fibre laser mode− −locked by mechanically exfoliated graphene, obtained from a commercially available graphite block. The laser is operat− ing at 1562−nm wavelength with a broad optical spectrum and 630−fs pulses.
Graphene saturable absorber preparation and characterization
As a base material for SA preparation a commercially avail− able graphite block (SGL Group) was used. In the first step, graphite flakes were obtained by precise scraping of the graphite block with a sharp blade. Then, the flakes were mechanically exfoliated by using a scotch tape to adjust the thickness. Afterwards, the graphite flakes were pressed with the fibre ferule, previously ultrasonically cleaned in the presence of isopropyl alcohol. The multilayer graphene SA was formed on the fibre facet thanks to the low interfacial energy between the graphite and SiO 2 . Such connector is then connected to a clean one through a FC/APC adapter. In contrast to other mechanically exfoliated graphene SA pre− sented previously [30, 31] , we do not use expensive highly− −ordered pyrolytic graphite (HOPG) sheets, but just a pure graphite block. In order to characterize the SA, the multilayer graphene layers' morphology was investigated with an atomic force microscope (AFM) in tapping mode (Veeco Nanoman V AFM with Bruker MPP-11100-10 silicon probe). The visual insight of the graphene surface is presented in the 2D plot (Fig. 1) . The cross section profiles (vertical and horizontal) show that the multilayer graphene thickness is changing in the range from sub−nanometers (1-3 layers) to tens of nanometers (20-40 layers) . It was also observed that the graphene layers with thickness around 10 nm dominated the scan area. Previous work has shown [30, 31] , that despite the fact that the mechanical exfoliated graphene is not uniform and monolayer, the average saturable absorption is sufficient to obtain a stable mode−locked operation in fibre lasers.
In order to determine the basic parameters of the satura− ble absorber: saturation intensity, modulation depth and non−saturable absorption, we have performed a power−de− pendent transmission measurement of the prepared graphe− ne SA in the setup presented in Fig. 2 . The mode−locked fibre laser generating 200−fs pulses at 1560 nm with 169−MHz repetition frequency was used as a pump source [32] . The signal was directed to the SA through a variable optical attenuator (VOA) and a fibre coupler. The results of the power−dependent transmission are plotted in Fig. 3 .
In order to calculate the SA parameters, the measure− ment data were fitted to the two−level saturable absorber model describing the nonlinear saturable absorption of graphene given by 
where a(I) is the absorption coefficient, I is the light inten− sity, I sat is the saturation intensity, a 0, and a ns are saturable and non−saturable absorption, respectively. Based on the formula, the saturation intensity of the multilayer graphene SA was calculated to be 0.06 MW/cm 2 . The saturable and non−saturable absorption components were determined on the level of 3.6% and 62.5%, respectively. It is worth to em− phasize that the nonlinear absorption parameters obtained for the graphene prepared from a low−cost graphite are con− sistent with the previously reported data obtained for mechanically exfoliated graphene [30] .
Experimental set-up
The laser setup is presented in Fig. 4 . It consists of a 63−cm long highly erbium−doped fibre (Liekki Er80), a fibre isola− tor, a 980/1550 single−mode WDM coupler, an in−line fibre polarization controller, a 30% output coupler and a graphe− ne−based saturable absorber placed between two FC/APC connectors. The laser is a counter directionally pumped by a 980−nm laser diode (Oclaro LC96U). There are only two types of fibre used: erbium fibre with positive GVD (0.012 ps 2 /m) and single−mode fibre (SMF) with -0.022 ps 2 /m GVD. Thus, the total net dispersion needs to be carefully balanced by optimizing the SMF length. In our case the whole ring cavity is 4.8−m long, including 63 cm of Er80 fibre. The laser performance was observed by using an optical spec− trum analyser (Yokogawa AQ6370B), a 350−MHz digital oscilloscope (Hameg HMO3524), a 7−GHz RF spectrum analyser (Agilent EXA N9010A) coupled with a 30−GHz photodetector (OptiLab PD−30) and an interferometric auto− correlator.
Experimental results
After launching the pump diode and slight adjustment of the polarization controller, the laser starts to operate in a soliton mode−locking regime. The pumping threshold for mode− −locking is 28 mW, which is consistent with the previous reports [22, 23] . The best performance (optical bandwidth) is achieved with 37 mW of pumping. The average output power is measured to be 4 mW. Figure 5 shows the optical spectrum of the pulse, recorded with 0.02−nm resolution and high sensitivity. It is centred around 1561.7 nm with 9−nm full−width at half−maximum (FWHM). It has a typical soli− ton−like shape with the characteristic Kelly's sidebands. Figure 6 illustrates the RF spectrum measured with the 910−kHz resolution bandwidth (RBW). The repetition fre− quency of the laser was measured to be 41.89 MHz and cor− responds to a ~4.8−m long laser cavity.
The signal−to−noise ratio (SNR) in the RF spectrum was measured with the 400−kHz span and a very narrow RBW (220 Hz). The SNR was higher than 60 dB (Fig. 7) , which is comparable to the results presented previously.
The pulse train recorded with an oscilloscope is shown in Fig. 8 was measured to be 630 fs (assuming sech 2 shape). No signs of pulse braking or pulse−pair generation were observed. It can be seen, that the pulse is slightly chirped. With the 9−nm bandwidth (1.106 THz), time−bandwidth product (TBP) is equal to 0.697.
Conclusions
In conclusion, we have demonstrated an erbium−doped fibre laser mode−locked by graphene−based saturable absorber with the 41.89−MHz repetition frequency. The presented laser was operating at 1562 nm with the 9−nm FWHM bandwidth and the 630−fs pulse duration. The achieved output power was 4 mW at 37 mW of pumping. Promising results show, that graphene may be successfully used as a saturable absorber in various types of lasers, outperforming SESAMs or CNTs. 
